Effect of TiO 2 structure on the photocatalytic activity
Various titanium oxide photocatalysts were examined to prepare the Pd(0.2)/TiO 2 bifunctional catalysts. Table S1 shows the results of the reaction tests between benzene and diethyl ether (DEE) with the Pd(0.2)/TiO 2 catalysts having different titanium oxide samples. It was clarified that the Pd(0.2)/JRC-TIO-8 (anatase phase) sample having a large specific surface area (338 m 2 g −1 ) was the best catalyst for this reaction. The Pd(0.2)/JRC-TIO-6 (rutile phase) sample having a larger specific surface area exhibited lower activity than the Pd(0.2)/JRC-TIO-4 (anatase and rutile phase) sample having a smaller specific surface area. These results imply that the large specific surface area and the anatase structure of the TiO 2 sample (JRC-TIO-8) would be suitable for the present photocatalytic reaction. In the present study, the TiO 2 sample (JRC-TIO-8) was mainly employed for experiments. a Reaction condition: 3.3 ml (31.7 mmol) of DEE, 0.7 ml (7.8mmol) of benzene and 0.1 g of the catalyst were used, reaction temperature was 320 K, λ≥350 nm, I= 40 mW cm −2 (measured at 365±20 nm in wavelength), b BET specific surface area of titanium oxide evaluated by the manufactures, c 1-EEB: 1-ethoxyethyl benzene, d S%: Selectivity for 1-EEB based on benzene.
Catalytic reaction test in a flow reactor
To demonstrate the stability of the catalyst, a fixed-bed flow reactor was employed. The apparatus setup is shown in Fig. S1 . The Pd(0.2)/TiO 2 sample (0.1 g) mixed with quartz sand was taken in a quartz cell (60 × 20 × 1 mm 3 ) and was pre-treated for 1 h under the light of wavelength of 365 nm (I = 40 mW cm −2 ) emitted from a UV LED lamp under air atmosphere. Then the cell was purged with argon (flow rate 5 ml min −1 ) for about 20 min. Then the reaction mixture comprising of 1.4 ml (15.7 mmol) benzene and 6.5 ml (62.5 mmol) diethyl ether (DEE) was introduced to the catalyst bed at a constant flow rate of 6 ml h −1 under argon atmosphere with continuous photoirradiation. After the catalyst bed was soaked with the reaction mixture completely, the time recording for the reaction was started. The resulting liquid at the outlet was collected at temperature around 293 K which was lower than room temperature. The liquid phase was collected at an interval of 1 h which was then diluted with ethanol and then analysed using GC-MS (Shimadzu, QP-5050A). For testing the reusability of catalyst, the quartz cell filled with the catalyst was removed from the set-up, and left as it was for drying in air overnight without any treatment, and was again used for the reaction test the next day.
The result of the reaction test in the fixed-bed flow reactor is shown in Fig. S2 . The reaction rate did not decrease for 7 hours, which means the catalyst was continuously active at least for several hours. Or rather, the formation rate gradually increased. The reason for it was not clarified but it might be due to increasing temperature under photoirradiation. The conversion of benzene to 1-EEB after continuous reaction for 7 hours was 0.15%. The value should be related to the reaction condition, such as the flow rate of the reactants, the irradiation condition and temperature. The next day, we restarted the reaction test as the second run by using the used catalyst as it was, without any type of pre-treatment. The initial reaction rate was slightly lower than the first run on the day before, which might be due to strong adsorption of the chemicals or oxidized chemicals in air. However, it is noted that the catalytic activity remained constant for 10 h without deactivation. This fact clarified the reusability of the Pd(0.2)/TiO 2 catalyst. Here also the reaction rate gradually increased. 
ESR study
In the present ESR experiment, only the light of >400 nm in wavelength was irradiated to the ESR cell, which enabled us to avoid the activation and dissociation of the spin trapping agent (PBN) itself. In this condition, the light intensity available to excite the titanium oxide photocatalyst was restricted to quite low and thus the obtained spectra were very noisy. However, we successfully recorded the signals and found that the signals were originated from the DEE-PBN spin adduct (Eq. S1). 
Thermal effects on catalysis and adsorption
As discussed in the main text, temperature controlled reactions for benzene-DEE reaction system over the Pd(0.2)/TiO 2 bifunctional catalyst were performed, where the temperature during the photocatalytic reaction was precisely maintained using a water bath though the sampling was quickly done at room temperature. Table S2 shows the results. From these values, the Arrhenius plot was obtained (Fig. 2a) and the apparent activation energy was calculated as 35.4 kJ mol −1 .
As discussed in the main text, adsorption tests of 1-EEB were carried out in the presence of benzene and DEE over the Pd(0.2)/TiO 2 hybrid catalyst without irradiation. A fixed amount of 1-EEB was introduced into the reactor already having a mixture of benzene, DEE and the Pd(0.2)/TiO 2 catalyst. The contents were then stirred at various temperatures for 10 min in the dark and the amount of 1-EEB in the solution was determined. The results are shown in Table S2 . A plot of this data (Fig. 2b) gave a linear line with a gradual slope of 5.5 kJ mol -1 which was quite different from the steep line observed in Fig. 2a This indicates that the rate determining step would be not the desorption of the product but the attack of the photocatalytically generated oxyalkyl radical from DEE on the benzene molecule, which would be assisted by the Pd metal catalyst. a 10 μmol of 1-EEB, 0.6 ml (6.7 mmol) of benzene, 1.6 ml (15.3 mmol) of DEE and 0.02 g of the Pd (0.2)/TiO 2 catalyst were used and the contents were stirred in the dark for 10 minutes.
XAFS analysis of a Pd/TiO 2 sample
The differential XANES spectra (Fig. S3 ) and the results of the curve fitting analysis of EXAFS (Table S4 ) are shown here. The explanation and discussion are described in the main text. 
